Hutchinson-Gilford progeria syndrome (HGPS) is a severe human premature aging disorder caused by a lamin A mutant named progerin. Death occurs at a mean age of 13 y from cardiovascular problems. Previous studies revealed loss of vascular smooth muscle cells (SMCs) in the media of large arteries in a patient with HGPS and two mouse models, suggesting a causal connection between the SMC loss and cardiovascular malfunction. However, the mechanisms of how progerin leads to massive SMC loss are unknown. In this study, using SMCs differentiated from HGPS induced pluripotent stem cells, we show that HGPS SMCs exhibit a profound proliferative defect, which is primarily caused by caspase-independent cell death. Importantly, progerin accumulation stimulates a powerful suppression of PARP1 and consequently triggers an activation of the error-prone nonhomologous end joining response. As a result, most HGPS SMCs exhibit prolonged mitosis and die of mitotic catastrophe. This study demonstrates a critical role of PARP1 in mediating SMC loss in patients with HGPS and elucidates a molecular pathway underlying the progressive SMC loss in progeria.
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D
NA damage often arises as a result of normal cellular processes. Reactive oxygen species (ROS), the byproducts of cellular metabolism, can damage DNA bases and block the progression of replication, leading to replication fork collapse and double-strand breaks (DSBs). DSBs can also be induced by environmental factors including irradiation, chemical agents, or UV light (1) . A gradual accumulation of DSBs and a decline in DNA repair capacity are suggested to play a causative role in normal physiological aging (2) . Defects in DNA damage repair result in at least three premature aging diseases: xeroderma pigmentosum, Cockayne syndrome, and trichothiodystrophy (3) . In addition, impaired DNA repair has also been implicated in the development of age-related neurodegenerative diseases such as Alzheimer's disease, Parkinson disease, and Huntington disease (4) .
At the cellular level, DSBs are potent inducers of cell death. If left unrepaired, DSBs can trigger p53-mediated cell cycle arrest and programmed cell death; on the other hand, if repaired inaccurately, DSBs can cause small or large scale chromosome alterations, which can lead to premature entry into mitosis and mitotic cell death (mitotic catastrophe) (5) . Two separate pathways control the repair of DBSs: homologous recombination (HR) and nonhomologous end joining (NHEJ). HR repairs DSBs using the undamaged sister chromosome as a template, which effectively protects genome integrity. In contrast, NHEJ repairs DSBs by connecting two free chromosome ends together with little requirement for sequence homology, which leads to a high frequency of chromosome misarrangements (1) . Normally these two pathways antagonize each other, and the choice between these two is under precise control by a group of regulators including 53BP1, BRCA1/2, and poly(ADP-ribose) polymerase 1 (PARP1) (6, 7) .
Among these regulators, PARP1 acts as an essential molecular switch controlling the activities of HR and NHEJ pathways. The classic function of PARP1 is involved in sensing and initiating DNA single-strand break (SSB) repair. A previous study demonstrated that treating an HR-deficient cell line with a PARP1 inhibitor led to abnormal chromosome karyotypes and significantly reduced cell survival, suggesting that PARP1 mediates the suppression of NHEJ upon DSBs (6) . This sensitivity to a PARP1 inhibitor in the HRdeficient cells could be a combined effect of the PARP1's dual roles in DNA damage repair. First, inhibition of PARP1 hinders SSB repair, and the unrepaired SSBs develop into DSBs. More importantly, inhibition of PARP1 removes the suppression of NHEJ, which results in chromosome aberrations and subsequent cell death in these HR-deficient cells.
Hutchinson-Gilford progeria syndrome (HGPS), the most drastic form of premature aging diseases, is characterized by multiple aging-related clinical features including growth retardation, lipodystrophy, alopecia, bone abnormalities, and severe cardiovascular defects (8, 9) . Patients with HGPS typically start to display premature onset of aging-related pathologies at 12-24 mo of age and die in their early teens of heart attacks or strokes. Over 80% of HGPS cases are caused by a de novo mutation (1824 C→T) in exon 11 of the human LMNA gene (10) . This mutation activates an alternative splice donor site, leading to a truncated lamin A mutant named "progerin," which bears a 50 amino acid deletion near the C terminus. This internal deletion interferes with lamin A processing and causes a permanent farnesylation of progerin (11) . As a dominant negative (12) , the accumulation of progerin inside the nucleus causes various cell biological phenotypes, including a misshapen nuclear morphology, loss of peripheral heterochromatin, global changes in gene transcription, and
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disrupted mitotic progression (13) (14) (15) . Interestingly defective DNA damage repair has been found in HGPS cells and various progeria animal models, suggesting a likely involvement of genome instability in the manifestation of this drastic premature aging disease (16) (17) (18) .
Among all of the clinical features associated with HGPS, the cardiovascular disease is the cause of death in almost all patients. Despite its great importance, investigation of the HGPS arterial pathology has been extremely limited mainly due to the low incidence of HGPS. One postmortem study on an HGPS patient found a severe loss of vascular smooth muscle cells (SMCs) in the aorta and carotid arteries, which might induce aortic dilatation and plaque rupture (19) . Moreover, two independent in vivo studies on HGPS transgenic mouse models (the G608G BAC and Lmna G609G models, respectively) confirmed the loss of SMCs in large vessels (20, 21) . Significantly, this SMC loss could be largely rescued by treating the mice with farnesyltransferase inhibitors (FTIs) or progerin-suppressing morpholinos, indicating a causal connection between the presence of progerin and the SMC loss phenotype (22, 23) . A previous study showed generation and recapitulation of premature aging phenotypes of HGPS SMCs from induced pluripotent stem (iPS) cells (24) . However, it remains unclear how progerin accumulation results in SMC loss in large vessels.
In this study, we investigate how progerin induces cell death in SMCs. We present data that identify PARP1 as a central regulator of SMC survival in HGPS. We further demonstrate that the accumulation of progerin causes PARP1 down-regulation, which stimulates the error-prone NHEJ responses in S phase HGPS SMCs. Consequently, HGPS SMCs encounter cell division problems and die in mitosis through a caspase-independent mitotic catastrophe pathway.
Results

Normal and HGPS iPS Cells Show Comparable Differentiation Potency
into SMC Lineage. To study HGPS SMC defects, SMCs were generated from iPS cells derived from HGPS and normal skin fibroblasts. Analysis of HGPS iPS cells revealed the expression of Oct4, Nanog, SSEA4, and Tra1-60, indicating that these HGPS iPS cells contain essential pluripotency factors, as well as normal chromosome number and size (Fig. S1 A-C). Alkaline phosphatase (AP) staining and embryoid body (EB) formation assay further demonstrated the undifferentiated state and the differentiation potential of these iPS cells, respectively ( Fig. S1 A and E). In accordance with previous reports, the expression of lamin A/C was repressed in both normal and HGPS iPS cells (Fig. S1D ).
SMCs were induced from iPS cells using a previously established protocol (Fig. 1A , details in Methods) (25) . After 7 d in the SMC differentiation medium, immunofluorescence revealed the expression of SMC-specific markers SMC-α-actin (SMA) and calponin in both normal and HGPS lines (Fig. S2A ). In accordance with the immunofluorescence observation, Western blotting analysis and RT-quantitative PCR (qPCR) showed a significant up-regulation of SMA, calponin, or SM22-α in SMCs relative to iPS cells, fibroblasts, and pre-SMCs (Fig. 1B and Fig. S2 B and C) . Notably, the expression of smooth muscle myosin heavy chain (smMHC), a marker for terminally differentiated SMCs, was not up-regulated in normal and HGPS SMCs, suggesting that the SMCs in our system were not terminally differentiated (Fig. S2B) . FACS analysis using fluorescence-labeled SMA or calponin revealed that, after 14 d in SMC differentiation medium, >80% of the cells were induced to express SMA and calponin (Fig. 1C) . Western blotting analysis suggested that the expression of these SMC markers was stable for at least 2 wk in SMC differentiation medium (from day 14 to day 28) (Fig. S2C) . Next, we carried out contractility analysis on normal and HGPS SMCs. Cells at days 14 and 21 were treated with a vascular constrictor, angiotensin II.
More than 70% of SMCs displayed various levels of contraction 30 min after stimulation (Fig. 1 D and E) and exhibited Ca 2+ influx (Movies S1 and S2). Taken together, these results indicated that both normal and HGPS iPS cells were differentiated into SMCs with similar high efficiency.
To measure progerin amounts during SMC differentiation, Western blotting analysis and immunofluorescence were conducted, which revealed a gradual accumulation of progerin in HGPS cells during SMC differentiation (Fig. S3A-C) . Senescence-associated β-galactosidase (SA-β-gal) staining suggested that HGPS SMCs were more senescent than normal SMCs at similar stages (Fig. S4A) . Interestingly, p16ink4a, a senescence marker and cyclin-dependent kinase inhibitor (26) , was found to be up-regulated in HGPS SMCs relative to the normal controls ( Fig. S4 B and C) . Next, we examined whether the senescence in HGPS SMCs was related to shortened telomeres in HGPS, as suggested previously (24) . RT-PCR using a pair of human telomerase reverse transcriptase (hTERT)-specific primers revealed that hTERT was robustly expressed in iPS cells but undetectable in both normal and HGPS SMCs (Fig. S4D) , indicating that telomerase expression was significantly inhibited upon SMC differentiation. Using quantitative telomere PNA-FISH, as described in Cao et al. (27) , we found no evidence of shortened telomeres in HGPS SMCs as well as in primary vascular SMCs isolated from G608G transgenic mice (20) , in which the SMC loss phenotype was first discovered (Fig. S4 E and F) .
Progerin Accumulation Leads to Caspase-Independent Cell Death in SMCs. To evaluate cell proliferation potential, growth curves were plotted for HGPS and normal SMCs (Fig. 2 A and B) . This experiment showed that, whereas normal SMCs kept a constant proliferation rate, the cell number of HGPS SMCs stopped increasing after day 14. We reasoned that this proliferative defect could be caused by either premature senescence or progerininduced cell death. To distinguish these two possibilities, we conducted a cell cycle analysis at day 14. If premature senescence of HGPS SMCs was the dominant cause, the majority of HGPS SMCs should have been arrested in the G0/G1 phase of the cell cycle. To our surprise, cell cycle analysis revealed that the percentage of G0/G1 population of HGPS SMCs showed no significant changes compared with the control (∼70% in both), but there was an obvious increase of the mitotic population (G2/M) in HGPS SMCs (Fig. 2C ). This result suggested that despite being more senescent than normal SMCs, HGPS SMCs did not lose their proliferative ability. Thus, we speculated that the proliferation defect in HGPS SMCs was likely caused by cell death occurring during cell division.
To analyze cell death, next, we carried out propidium iodide (PI)-annexin V assay in both normal and HGPS SMCs at weekly time points during SMC differentiation. Indeed, HGPS-SMCs displayed an 8-to 10-fold increase in cell death compared with controls at days 14, 21, and 28 ( Fig. 2 D and E) . Notably, at the early time point day 7 when no obvious growth defect was detected (Fig. 2B) , both normal and HGPS SMCs showed similar percentages of cell death, implying a relatively healthy state of HGPS SMCs at the beginning of SMC differentiation ( Fig. 2 D and E). These results supported our speculation that the proliferation defect in HGPS SMCs was caused by cell death.
Because the PI-annexin V assay has frequently been applied in apoptosis studies, we measured the mRNA level of Bcl2-associated protein X (Bax), a major proapoptotic gene acting upstream of caspases (28) . Interestingly, no significant change in the expression of Bax was observed in HGPS SMCs compared with the normal control ( Fig. 2F ), implying that caspases were not activated in the HGPS SMCs. To further investigate this, we checked the activity of caspase 3. Activity assay revealed that caspase 3 was not activated, but slightly suppressed in HGPS SMCs (Fig. 2G) . Consistently, we did not detect any cleaved PARP1 protein, a well-known substrate of caspases, in either sample (Fig. 2H) . Moreover, we did not find any obvious sub-G1 population in HGPS SMCs, indicating that there was no DNA fragmentation (Fig. 2I ). Taken together, these data suggested that cell death in HGPS SMCs may be executed in a caspase-independent manner.
It has been shown that treatment with high dosages (micromolar) of camptothecin (CPT), an isotopomerase II inhibitor, can induce caspase-dependent apoptosis in normal cells (29) . Thus, as a positive control to the above experiments, we treated both normal and HGPS SMCs with 20 μM CPT. As shown in Fig. S5 , in control SMCs, we detected an up-regulation of Bax mRNA by 4-fold and caspase 3 activity by nearly 10-fold after 72 h in CPT treatment ( Fig. S5 A and B) . Consistently, cleaved PARP1 was clearly detected by Western blotting in these cells (Fig. S5C) . However, HGPS SMCs appeared quite unresponsive to CPT induction, which failed to activate Bax expression, and exhibited a delay of over 48 h in caspase 3 activation and PARP1 cleavage ( Fig. S5 A-C) . PI-annexin V assay further confirmed no significant increase in cell death in HGPS SMCs after CPT treatment (Fig. S5D ). These results suggest that, in the presence of progerin, caspases become less responsive to apoptotic stimuli like CPT. Collectively, we concluded that progerin accumulation in SMCs led to increased cell death, likely via caspase-independent pathways.
Progerin Accumulation Down-Regulates PARP1 in SMCs. When probing PARP1 cleavage in the caspase studies, we observed that the levels of PARP1 protein were always lower in HGPS SMCs compared with the normal control at days 14, 21, and 28 ( Fig. 2H and Fig.  S5C ), whereas no obvious change was detected at day 7 (Fig. S6A ).
To confirm this observation, we measured PARP1 levels in two different HGPS SMC lines at day 14 and found that the PARP1 levels in both were decreased by at least 75% relative to the control (Fig. 3A) . Immunofluorescence showed a significant decrease in PARP1 nuclear staining in HGPS SMCs at day 14, compared with the control (Fig. 3 B and C) . Moreover, in primary skin fibroblasts from HGPS patients and a transgenic animal model G608G (20) , similar PARP1 reduction was found in late passage cells (Fig. S6 B-E) . Resembling the cell cycle analysis in HGPS SMCs (Fig. 2C) , a significant increase in the G2/M population was detected in late passage HGPS fibroblasts (Fig. S6 F and G) . Notably, there was no significant change in PARP1 protein or cell cycle distribution in early passage HGPS fibroblasts, similar to the day 7 HGPS SMCs ( Fig. S6A ). This suggests that the PARP1 reduction phenotype is not exclusive for SMCs, but a consequence of progerin accumulation in each cell type. As an initial executor of SSB repair and a key mediator of DNA DSB repair, PARP1 plays a crucial role in maintaining genome stability. Thus, we next examined whether the PARP1 reduction was relevant to increased cell death in progerin-expressing SMCs.
To determine the effects of progerin on PARP1, normal SMCs were transfected with EGFP-progerin (EGFP-HG) or EGFPlamin A (EGFP-LA) and subsequently stained with an anti-PARP1 antibody. As shown in Fig. 3D , the PARP1 staining intensities were similar in the nontransfected cells (white arrows) as those in the cells expressing EGFP-LA or low amounts of EGFP-HG (green arrows). In contrast, in high expressers of EGFP-HG, PARP1 signals were significantly reduced (Fig. 3D) . Quantification of fluorescence intensity further indicated that, as the amounts of EGFP-HG increased, PARP1 decreased at a significantly faster rate than when EGFP-LA amounts increased (Fig. 3E) , supporting the belief that PARP1 reduction is associated with the amount of progerin.
Next, to directly investigate the causative relationship between progerin accumulation and PARP1 down-regulation, increasing amounts of EGFP-HG were transfected and expressed in normal SMCs. We found that the levels of PARP1 gradually decreased as the amounts of EGFP-HG increased (Fig. 3F ). Quantification confirmed a negative linear relationship between the amounts of PARP1 and EGFP-HG (R 2 = 0.9818, Fig. 3G ). Notably, when progerin was ectopically expressed, a corresponding decrease of endogenous lamin A and C was observed, implying a potential feedback loop in SMCs to control the total amount of A-type lamins. Moreover, down-regulation of the progerin expression with a previously described progerin shRNA (24) led to a significant increase in PARP1 in HGPS SMCs (Fig. S7) . Taken together, these results show that progerin resulted in PARP1 reduction in SMCs. In an attempt to address the functional importance of PARP1 in progerin-expressing cells, we applied a PARP1 inhibitor to the early passage HGPS fibroblasts, which expressed similar amounts of PARP1 as the control cells (Fig. S6B ). As shown in Fig. 3H , HGPS fibroblasts showed much higher sensitivity to the PARP1 inhibitor than control cells (Fig. 3H) , suggesting an indispensable role of PARP1 in progeria cell survival.
PARP1 Mislocalization Is Associated with Disrupted Ran Gradient in HGPS SMCs. To investigate how progerin down-regulates PARP1, we compared PARP1 mRNA levels in normal and HGPS SMCs using RT-qPCR. Furthermore, we overexpressed progerin in normal SMCs and examined its effect on PARP1 transcription (Fig.  S8) . These data revealed no major changes in mRNA levels of PARP1 in those progerin-expressing SMCs, suggesting the observed down-regulation of PARP1 might result from compromised protein maintenance.
To examine how progerin may affect PARP1 protein stability, we overexpressed PARP1-GFP, as described previously (30), together with DsRed-LA or DsRed-HG in normal SMCs. As expected, PARP1-GFP was localized inside the nucleus when coexpressed with the vector control or DsRed-LA (Fig. 4A) . In addition, consistent with a previous study (31), we observed that PARP1-GFP became concentrated in the nucleoli when overexpressed (Fig. 4A) , reflecting its roles in ribosome biogenesis. However, in DsRed-HG transfected SMCs, more than 30% of cells showed cytoplasmic localization of PARP1-GFP (Fig.  4 A and B) . These results implied that accumulated progerin excluded a fraction of PARP1 from the nucleus, and this fraction might be subjected to protease/proteasome-mediated degradation.
Next, we tested whether blocking the farnesylation of progerin could restore PARP1's normal localization. To study this possibility, we used HG-SSIM, a nonfarnesylatable mutant of progerin that carries a cysteine to serine mutation on the CSIM motif at the C terminus (32) , and coexpressed it with PARP1-GFP in normal SMCs. As reported previously (32), DsRed-HG-SSIM no longer located at the inner nuclear membrane but was sequestered in giant aggregates in nucleoplasm (Fig. 4A) . Importantly, in the majority of the DsRed-HG-SSIM-transfected cells, we observed that the normal nuclear localization of PARP1-GFP was restored (Fig.  4A) . Quantification revealed that the percentage of PARP1-mislocalized cells was significantly decreased to 10% in the DsRed-HG-SSIM-expressing cells, compared with roughly 30% in DsRed-HG-expressing cells (Fig. 4B) . To further confirm this result, a FTI was used to treat DsRed-HG-expressing cells. As expected, the FTI treatment also rescued the mislocalization phenotype of PARP1-GFP and significantly reduced the mislocalized population (Fig. 4 A and B) . These data suggested that the abnormal anchorage of progerin to the nuclear envelope was the main causes of PARP1 mislocalization.
We speculated that the PARP1 mislocalization in HGPS SMCs might be caused by a compromised nuclear import system mediated by a disrupted Ran gradient, which has been reported in HGPS fibroblasts (33, 34) . To test this idea, we first examined the Ran gradient in normal and HGPS SMCs at days 7, 14, and 21 using immunofluorescence. As shown in Fig. S9A , HGPS SMCs displayed significantly decreased Ran signals in the nucleus, compared with the control cells, indicating that the Ran gradient [nuclear/cytoplasmic (N/C) ratio, Fig. S9B ] was disrupted in HGPS SMCs. Moreover, HGPS SMCs at days 14 and 21 exhibited even lower N/C ratios than the same cells at day 7 (Fig. S9B) , which is in agreement with the observation of a gradual reduction of PARP1 levels over time in HGPS SMCs. To further test the correlation between Ran gradient disruption and PARP1 mislocalization, HGPS SMCs at day 14 were transfected with PARP1-GFP and subsequently stained with Ran antibody. About 30% of the transfected HGPS SMCs displayed the PARP1 mislocalization phenotype (Fig. 4C) . Importantly, these cells also showed significantly lower N/C ratios compared with the cells with normal nuclear PARP1-GFP (Fig. 4D) .
Similar to Fig. 4A , we examined the Ran gradient in normal SMCs transfected with DsRed-HG or DsRed-LA. Unlike LA, which did not interfere with the Ran gradient (Fig. 4E) , HG expression significantly weakened nuclear signals of Ran (Fig.  4E) . Quantification revealed that the N/C ratios of Ran negatively correlated with progerin amounts (Fig. 4F) . Furthermore, inhibition of progerin farnesylation through FTI or HG-SSIM mutant rescued the Ran gradient disruption (Fig. 4 E and F) . Collectively, these data suggested that abnormal anchorage of progerin to the nuclear envelope disrupted Ran gradients, thereby affecting nuclear import of PARP1 in HGPS SMCs.
Compromised HR and Activated NHEJ in S/G2 Phase HGPS SMCs.
Previous studies reported that inhibition or silencing of PARP1 could lead to cell death in HR-deficient cells, due to NHEJ activation and consequent chromosome misarrangments (7) . Given PARP1's essential function in HR-deficient cells, we next examined the repair efficiencies of HR and NHEJ in HGPS SMCs.
Because HR is the major mechanism for replication-associated DSB repair in S/G2 phase, we induced DNA damage with CPT again to mimic replication fork collapse (1) . Different from the CPT experiment shown in Fig. S5 , here, CPT was used at a very low concentration (100 nM), thus only S/G2 phase cells were affected and no global apoptosis was induced (35) . At 10 min, 30 min, 120 min, and 720 min after CPT treatment, γH2AX and Rad51 signals were examined using immunofluorescence. After 10 min of CPT treatment, γH2AX foci were clearly identified in both normal and HPGS-SMCs, indicating that CPT had induced DSBs in both (Fig. 5A ). Rad51 plays an essential role in HR-mediated DSB repair. In normal SMCs, the formation of Rad51 foci started to appear at the 30-min time point, and at 720 min, most of these foci became colocalized with γH2AX foci (Fig. 5A) . Conversely, no distinct Rad51 foci were observed in HGPS SMCs throughout the whole time course (Fig. 5A) . To elucidate this phenomenon, over 100 cells were randomly picked at each time point, and each cell was plotted according to the numbers of γH2AX and colocalized Rad51 foci (as x and y). In normal SMCs, Rad51 foci became increasingly colocalized with γH2AX foci as shown by an increase in the slope of the trend line during the time course. However, in HGPS SMCs, the slope of the trend line remained around 0 at all time points (Fig. 5B) , revealing a completely defective HR in these HGPS SMCs. Notably, the percentage of γH2AX-positive nuclei in Fig. 5C is reduced in HGPS SMCs compared with normal controls under 100 nM CPT treatment, probably due to the reduced S phase cell population in HGPS SMCs (Fig. 2C and Fig. 6A ).
With decreased PARP1 and a completely defective HR, DSBs will be fixed through the error-prone mechanism NHEJ. Indeed, in HGPS SMCs, the percentile of γH2AX-positive nuclei and the average number of γH2AX foci in each nucleus were gradually reduced after CPT treatment (Fig. 5 B and C) , suggesting the NHEJ pathway was active in repairing these DSBs caused by CPT. 53BP1 can promote an NHEJ response to DNA damage (36) . To assay the activity of NHEJ in S phase HGPS SMCs, we checked the formation of 53BP1 foci after 100 nM CPT treatment. We found that, whereas no apparent 53BP1 foci formed in normal SMCs, distinct 53BP1 foci started to colocalize with γH2AX at 10 min after treatment in HGPS SMCs (Fig. 5 D and  E) , suggesting that normal SMCs used HR to fix DSBs at S phase, whereas HGPS SMCs repair DSBs through NHEJ.
Mitotic Catastrophe in HGPS SMCs. Based on the observations of increased caspase-independent cell death, down-regulated PARP1, defective HR, and activated NHEJ, we hypothesized that DSBs were repaired incorrectly by NHEJ, which resulted in problems during mitotic division, leading to mitotic catastrophe of HGPS SMCs. To test this hypothesis, cell cycle analysis was performed at days 14, 21, and 28 in SMC differentiation medium. Consistent with the data shown in Fig. 2 , at each time point, we observed a significant increase in the G2/M population and a corresponding reduction in S phase population in HGPS SMCs compared with the normal control (Fig. 6A) . This observation further supported the notion that mitosis is defective in HGPS. Taken together, this result indicated prolonged mitosis in HGPS SMCs, reflecting mitotic defects.
Next, to directly visualize the M phase of HGPS SMCs, we performed differential interference contrast (DIC) live cell imaging. Whereas all normal SMCs proceeded through mitosis smoothly (Fig. 6B, Top) , HGPS SMCs either died and were destroyed during cell division (mitotic catastrophe) or exited mitosis without dividing but survived (Fig. 6B , Middle and Bottom, respectively). Statistic analysis confirmed that about 50% of the HGPS SMCs displayed mitotic catastrophe, and the rest failed to divide (Fig. 6C) . In support of this observation, metaphase spectral karyotyping revealed ∼6.7% aneuploidy and 20% polyploidy in dividing HGPS SMCs (Fig. S10) . Next, a BrdU pulse-chase experiment was conducted to follow the fate of S phase SMCs. Forty-eight and 96 h after the BrdU pulse, immunofluorescence staining of BrdU was carried out. In normal SMCs, the percentage of the BrdU positive nuclei gradually increased from 20% to 80%, reflecting normal cell division. In contrast, the BrdU-positive nuclei in HGPS SMCs gradually decreased from 6% at time 0 h to less than 2% at 96 h after pulse (Fig. 6D) . This result indicated that over 60% of the S phase HGPS SMCs were not able to proceed through the cell division and died during cell division. (20) . SMC loss might undermine vessel architecture and induce inflammation, vessel calcification, and excessive atherosclerosis (19) . The mechanisms underlying progerin-induced SMC loss had not been explored, which was at least partially due to the technical difficulties in obtaining sufficient amounts of vascular SMCs from progeria animal models. Here, this problem was overcome by the iPS-mediated differentiation system that generated a large amount of patient SMCs. We found that these differentiated cells were induced to express a number of established SMC markers and exhibited functional characteristics of SMCs (Fig. 1, Fig. S2 , and Movies S1 and S2). However, the expression of smMHC, a marker for fully differentiated SMCs (37), was not up-regulated (Fig. S2B) , which suggested that the SMCs in our experiments were not terminally differentiated. Indeed, the proliferation assay (Fig. 2 A and B) showed that the normal SMCs could proliferate in SMC differentiation medium for at least 28 d. In vivo, SMC proliferation is a characteristic of synthetic SMCs, and contractile SMCs do not proliferate (37) . Under pathological conditions, SMCs switch from the contractile to the synthetic phenotype (37, 38) . Thus, we speculate that by using these iPSgenerated SMCs, we may be studying how progerin affects SMCs responses to pathological conditions in vivo.
The Proliferative Defect in HGPS SMCs Is Primarily Caused by CaspaseIndependent Cell Death, Not by Premature Senescence. The HGPS SMCs expressed progerin, a hallmark of HGPS cells (Fig. S3) , and stopped proliferating after 2 wk in SMC culture ( Fig. 2 A and  B) . Initially, we had hypothesized that this severe growth defect was caused by premature senescence, as previously suggested by Liu and colleagues (24) and supported by our senescence analysis with SA-β-Gal assay and p16 expression (Fig. S4 A-C) . However, to our surprise, cell cycle analysis indicated that the HGPS SMCs did not rest at G0, but actively reentered the cell cycle (Figs. 2C and 6A ). Moreover, we found a significant delay in G2/M phase in the HGPS SMCs (Figs. 2C and 6A) . Additional experiments showed that HGPS SMCs died in SMC differentiation medium in a caspase-independent manner (Fig. 2 D-I and Fig. S5 ). Based on these results, we concluded that this caspaseindependent cell death accounted for the proliferation phenotypes in HGPS SMCs.
PARP1 Is a Key Regulator for SMC Survival in Progeria. In addition to its well-recognized role in DNA SSB repair, several studies revealed a new role of PARP1 in protecting HR and suppressing NHEJ (6, 39, 40) . Here, we found that the PARP1 protein levels were reduced in HGPS SMCs after day 14 in SMC culture as well as in late passage HGPS fibroblasts (Fig. 3 A and B and Fig. S6 A-E). Importantly, the progerin overexpression (Fig. 3 F and G) and shRNA experiments (Fig. S7) revealed a direct inverse relationship between the amounts of PARP1 and progerin (Fig. 3 F  and G) , indicating that progerin is a powerful suppressor of PARP1. The PARP1 inhibitor experiment in HGPS fibroblasts further revealed an essential role of PARP1 in cell survival (Fig.  3H) . We speculate that the sensitivity of PARP1 to progerin may vary in different cell types. In fibroblasts, PARP1 may be less influenced by progerin accumulation than in SMCs, therefore PARP1 down-regulation was not obvious until late passage fibroblast cells. These data also suggest that PARP1 is indispensable in all progerin-expressing cell types, and the levels of PARP1 reduction may be positively correlated with the severity of phenotypes in HGPS patients.
Our next question was how does progerin inhibit PARP? Quantitative RT-PCR analysis showed a slight, insignificant reduction in PARP1 mRNA in the presence of progerin, suggesting that progerin likely affects PARP1 posttranslationally (Fig. S8) . Microscopy analysis further revealed that a fraction of PARP1 was mislocalized to the cytosol in the presence of large amounts of progerin (Fig. 4 A and B) , and this progerin-mediated PARP1 mislocalization was likely due to the abnormal anchorage of progerin to the nuclear envelope (Fig. 4 A and B) . Previous studies demonstrated abnormal nuclear pore clustering and a disrupted Ran gradient across the nuclear membrane in HGPS fibroblasts (13, 33, 34) . We speculated that this mislocalization of PARP1 was a novel effect of the disrupted RanGTP gradient. Indeed, a weakened Ran gradient (Fig. S9 ) and a strong correlation between these two (Fig. 4 C-E) were found in HGPS SMCs.
It has been shown that NHEJ is active in all cell cycle phases, whereas HR is particularly important in S/G2 (1). Moreover, DSBs produced by replication fork inhibitors are primarily repaired by HR (1). Using an isotopomerase II inhibitor (CPT) at a nanomolar concentration that only affects S/G2 phase cells, our analysis revealed a completely deficient HR and an elevated NHEJ response in S phase HGPS SMCs (Fig. 5) . When the error-prone NHEJ pathway is used in DNA repair, irreversible chromosome aberrations can occur, resulting in complicated consequences (6, 7) . Most commonly, cells will spend more time in M phase, attempting to resolve the problems (41) . If entangled chromosomes are unresolvable, cells will die through mitotic catastrophe (41) . Indeed, our cell cycle analysis revealed a palpable G2/M delay in HGPS SMCs (Fig. 6A ) and late passage fibroblasts (Fig. S6 F and G) , suggesting that these cells were encountering problems during cell division. Live cell imaging and spectral karyotyping experiments further demonstrated that HGPS SMCs either died in mitosis or failed to divide, forming binucleated cells (Fig. 6 B and C and Fig. S10 ). An additional line of supportive evidence arose from a BrdU pulse-chase assay, which indicated that most of the labeled S phase HGPS SMCs could not proceed through the M phase (Fig. 6D) . Previous studies also have shown Results were generated from two independent experiments. *P < 0.05 and **P < 0.01. mitotic delay and binucleation in HGPS fibroblast cells (14) . Again, the mitotic delay and cell death in HGPS SMCs were more prominent than those observed in HGPS fibroblasts, possibly due to a greater PARP1 reduction in HGPS SMCs.
DNA damage has long been implicated in HGPS pathogenesis. In 2005, the Zhou group published a study elucidating a deficient HR, an overactive NHEJ, and defective DNA damage repair in primary HGPS fibroblasts and mouse embryonic fibroblasts (MEFs) from a progeria model (16) . In 2011, Zhang and colleagues generated the first iPS cell model for HGPS and reported increased DNA damage in differentiated HGPS SMCs (42) . In addition, Liu et al. reported a decrease of DNA PKCs in differentiated HGPS SMCs, an enzyme with an established role in the NHEJ response (24) . In line with these previous reports, we reported a previously unidentified and essential role of PARP1 in mediating DNA damage repair and SMC survival in HGPS. Our data can be summarized in the model presented in Fig. 7 : the accumulation of progerin causes PARP1 down-regulation, which results in the activation of the NHEJ pathway in the HRdeficient HGPS SMCs. The error-prone NHEJ further leads to chromosome aberrations and mitotic catastrophe in HGPS SMCs.
Insights into Future Therapeutics of HGPS and Normal Vascular Aging.
Based on our model, to rescue the SMC loss in HGPS, one solution is to restore normal HR function. Whereas the precise pathway for progerin to interfere with HR remains to be understood, previous studies have provided some valuable insights. One emerging hypothesis is that progerin disrupts chromatin remodeling after DSBs, hence blocking the access of DNA damage repair factors to damaged regions. This idea is supported by a number of studies demonstrating global changes in genome organization and the epigenome in HGPS cells (43, 44) . Importantly, recent studies have suggested that changes in H3K9me3 levels in HGPS cells can affect genome maintenance and the compromised ATM-mediated phosphorylation of KAP-1 impairs DNA repair in Zmpste24-deficient MEFs (17, 18) , providing a possible molecular connection between chromatin modifications and the DNA repair machinery. Other lines of studies have suggested a role of Xeroderma pigmentosum group A (XPA) protein in excluding normal access of DNA repair machinery to DSBs in HGPS cells (45, 46) . Whereas the detailed mechanisms underlying HR deficiency in HGPS are still being elucidated, we predict that specific treatments that promote targeting of HR repair proteins to DSB termini are expected to reduce or diminish the SMC loss phenotype associated with progerin accumulation.
Increasing evidence suggests the involvement of progerin in the normal aging process (27, 47, 48) . Significantly, overlapping cardiovascular pathology was identified in HGPS and geriatric patients (49) . Additional studies demonstrated an accumulation of unprocessed farnesylated prelamin A (a longer version of progerin) in vasculature (50, 51) . It will be of great interest to determine whether HR becomes partially impaired in aged vasculature and whether a similar PARP1-mediated mitotic cell death mechanism also contributes to normal vascular aging. In summary, the present study uncovers what we believe is the first study to elucidate the DNA damage response pathway underlying the vascular disease in HGPS.
Methods
Cell Lines. Primary skin fibroblasts carrying the classic G608G mutation (HGADFN167, HGADFN164) and a control fibroblast line (HGFDFN168) were obtained from the Progeria Research Foundation and grown under the conditions as previously described (14) . These fibroblasts were transfected with retroviral mixtures of KLF4, SOX2, OCT4, and C-MYC for iPS cell induction, as reported previously (52) . Two independently isolated iPS colonies from HGPS HGADFN167 and normal HGFDFN168 (father of HGADFN167), as well as another previously characterized HGPS iPS colony (HGADFN164) (52) , were used in this study. In addition, we also tested two iPS lines isolated and characterized by the Progeria Research Foundation (HGADFN167 iPS 1J and HGFDFN168 iPS 1D2). All HGPS iPS colonies revealed very similar results. Only representative experiments are shown.
Antibodies. Rabbit anti-progerin was previously described (53) . Other antibodies used in immunoblotting and immunofluorescence studies were obtained from the following sources: mouse anti-lamin A/C (Mab3211; Millipore), mouse Cy3-anti-SMA (C6198; Sigma), rabbit anti-calponin (04-589; Millipore), mouse anti-β3-tubulin (sc-58888; Santa Cruz), mouse anti-vimentin (sc-6260; Santa Cruz), mouse anti-α-fetoprotein (sc-166325; Santa Cruz), rabbit anti-p16 ink4a (sc-468; Santa Cruz), rabbit anti-PARP1 (9542; Cell Signaling), mouse anti-PARP1 (F-2; Santa Cruz), rabbit anti-Ran (Abcam), mouse anti-γH2AX (05-636; Millipore), rabbit anti-Rad51 (ab63801; Abcam), mouse antiBrdU (555627; BD) and mouse anti-GADPH (ab8245; Abcam). Antibodies used for iPS cell characterization were previously described (52) .
Statistical Analysis. To compare two groups (normal and HGPS), a two-tailed Student t test was used. Results are presented as mean ± SD, and a P value of <0.05 was considered significant. Statistics were carried out by GraphPad Prism 5.0. For full details of other methods, see SI Methods. Fig. 7 . Working model. The accumulation of membrane-associated progerin not only causes HR deficiency via an unknown mechanism, but also causes PARP1 down-regulation, likely through interfering with PARP1 nuclear import. This PARP1 reduction results in the activation of the NHEJ pathway in the HR-deficient HGPS SMCs, leading to error-prone DNA repair, chromosome aberration, and mitotic catastrophe in HGPS SMCs.
